Most plant viruses are transmitted by insect vectors and thus depend on the behaviour and dispersal of their vectors to spread from plant to plant[@b1][@b2][@b3]. Plant viruses may thus evolve mechanisms to alter the behaviour of their vectors in favour of their own transmission and spread. Recent case studies with plant viruses show that virus infection of the vectors can directly alter their feeding behaviour and preference in ways favourable to the spread of viruses[@b4][@b5]. Moreover, plant viruses can modify the feeding behaviour of their vectors indirectly, via the alternations of biochemical, physiological and morphological features of host plants, with consequential changes in plant attractiveness, resistance and/or nutrition that may facilitate population increase of the vectors and in turn the epidemiology of the viruses[@b6][@b7][@b8][@b9][@b10].

The whitefly *Bemisia tabaci* (Gennadius) (Hemiptera: Aleyrodidae) is a species complex consisting of over 30 morphologically indistinguishable species[@b11][@b12][@b13]. Whiteflies of this species complex damage crops directly through phloem feeding and indirectly through transmission of numerous begomoviruses (family *Geminiviridae*, genus *Begomovirus*)[@b3][@b14][@b15][@b16]. Some cryptic species of this complex, in particular the Middle East-Asia Minor 1 (MEAM1) and the Mediterranean (MED), formally referred to as the "B biotype" and "Q biotype" respectively, have risen to global prominence in the past 30 years due to their rapid invasion into many new regions of the world[@b12][@b17][@b18]. In many cases, invasion and spread of MEAM1 and/or MED were soon followed by disease pandemics of begomoviruses[@b14][@b19][@b20]. As the tripartite interactions between viruses, vectors and plants are known to have important influences on the population dynamics of the organisms involved[@b8][@b21], the implications of the interactions between begomoviruses, whiteflies and plants in whitefly invasion and begomovirus pandemics have attracted much attention in recent years[@b22][@b23].

Begomoviruses are exclusively transmitted by *B. tabaci* in a persistent, circulative manner, which requires sustained saliva secretion as well as sap ingestion by the whiteflies[@b24][@b25]. As persistently-transmitted plant pathogens, begomoviruses interact with the whitefly vectors at the cellular level during movement among tissues and organs[@b3][@b26], with the potential to alter directly the physiology and behaviour of the vector[@b27][@b28][@b29]. In addition, a few studies have provided indications that some begomoviruses have evolved high levels of adaptation to whitefly cells and tissues, and may exhibit some characteristics of insect pathogens[@b30][@b31][@b32]. Like many other persistently-transmitted viruses, begomoviruses may also modify the physiology and behaviour of their whitefly vectors indirectly via alternation of plant characteristics[@b10][@b23][@b33][@b34]. In our laboratory, an earlier study with the whitefly MEAM1, *Tomato yellow leaf curl China virus* (TYLCCNV), and tobacco \[*Nicotiana tabacum* L. (Solanaceae)\] showed that the whitefly population increased at a substantially higher rate on virus-infected plants than on uninfected plants, and further demonstrated that the enhanced rate of population increase in the whitefly was due to a marked increase in fecundity and longevity via feeding on virus-infected plants, even though virus infection of the whitefly *per se* reduced its fecundity and longevity[@b9]. By integrating genomics, transcriptomics and metabolomics with insect performance measures, we then found that the alternation of plant characteristics was related to repression of jasmonic acid-mediated plant defence, particularly suppression of terpenoid synthesis[@b35][@b36]. Evidence of alternation of plant nutrition to the whitefly, as measured in terms of amino acid profiles, percentage of essential amino acids, and suger:amino acid ratio in the phloem sap, was not detected[@b37]. However, the whiteflies feeding on virus-infected plants were able to achieve a more balanced nutritional assimilation with proportionally more amino acids, particularly essential amino acids, even though virus-infection of the whiteflies *per se* caused them to assimilate a more imbalanced nutrition with proportionally more sugar[@b37]. Further genomic and molecular analyses indicated that whiteflies feeding on virus-infected plants exhibited reduction of detoxification activity, which was likely to attenuate energy cost and help to improve their primary metabolic activities[@b38]. However, the behavioural mechanisms of the whitefly underlying the improvement of nutritional assimilation and performance are yet to be investigated.

In the present work, we first studied the feeding behaviour of TYLCCNV-infected (viruliferous) and uninfected (non-viruliferous) MEAM1 on cotton, a non-host of TYLCCNV, to investigate the direct effects of the virus on feeding activities of whitefly. We then studied the feeding behaviour of viruliferous whiteflies on virus-infected and uninfected tobacco plants, plus non-viruliferous whiteflies on uninfected tobacco, to disentangle the direct and indirect effects of the virus on whitefly feeding activities. We used the electrical penetration graph (EPG) to observe and record the behavioural elements of whiteflies feeding on various plants[@b39]. Our findings help to unravel the behavioural mechanisms underlying a mutualistic relationship between an insect vector and a plant virus that also has features reminiscent of an insect pathogen.

Results
=======

EPG waveform patterns observed
------------------------------

In this study, we identified seven distinct waveforms from the EPG recordings we made. Waveform patterns were categorized as previously described[@b27][@b40]: NP, nonprobing behaviour; C, intercellular stylet pathway; pd (potential drops), brief intracellular stylet punctures during the pathway phase (C); E1, salivation into phloem sieve elements; E2, ingestion of phloem sap from sieve elements; F, presumed penetration difficulties; and G, xylem sap ingestion.

Direct effects of TYLCCNV on feeding behaviour of whitefly
----------------------------------------------------------

We conducted EPG recording of non-viruliferous whiteflies and viruliferous whiteflies feeding on cotton plants, with 25 and 29 replicates respectively.

### Non-phloem phase EPG measurements (Table 1)

[](#t1){ref-type="table"}Viruliferous whiteflies made significantly more probes than non-viruliferous whiteflies (Parameter 2), while time prior to 1^st^ probe and total probing time did not differ between the two treatments (Parameters 1 and 3). Viruliferous whiteflies had a higher number of pathway waveforms (Waveform C; Parameter 4) than non-viruliferous whiteflies. Although the total duration of waveform C (Parameter 5) did not differ between the two treatments, the average duration of waveform C (with pd but without El, F, and G) of non-viruliferous whiteflies was significantly longer than that of viruliferous whiteflies (Parameter 6). While number of probes prior to 1^st^ E1 (Parameter 7), number of probes prior to 1^st^ E2 (Parameter 8), time from start to 1^st^ E1 (Parameter 9), total duration of waveform G (Parameter 11), and total duration of waveform F (Parameter 12) did not differ between the two treatments, non-viruliferous whiteflies took less than half the time to proceed from 1^st^ probe to 1^st^ E1, i.e. salivation, compared to that of viruliferous whiteflies (Parameter 10).

### Phloem phase EPG measurements (Table 2)

[](#t2){ref-type="table"}In the phloem phase, while no significant differences were detected between the two treatments in the number of E1 periods (Parameter 1), average E1 duration (Parameter 2), total duration of E1 (Parameter 3), time from 1^st^ E1 to 1^st^ sustained E2 (Parameter 5), number of E2 periods (Parameter 6), total duration of E2 periods (Parameter 8), number of E phases (Parameter 9), and total duration of E phases (Parameter 10), viruliferous whiteflies took more than twice longer to proceed from 1^st^ E1 to 1^st^ E2 (Parameter 4) compared to non-viruliferous whiteflies, and the average duration of E2 (Parameter 7) of non-viruliferous whiteflies was three times that of viruliferous whiteflies.

Direct and Indirect effects of TYLCCNV on feeding behaviour of whitefly via host plant
--------------------------------------------------------------------------------------

We conducted EPG recoding of the following three treatments: (1) non-viruliferous whiteflies feeding on uninfected tobacco, (2) viruliferous whiteflies feeding on uninfected tobacco, and (3) viruliferous whiteflies feeding on TYLCCNV-infected tobacco, with 30, 28, and 24 replicates for treatments (1), (2) and (3) respectively.

### Non-phloem phase EPG measurements (Fig. 1)

[](#f1){ref-type="fig"}The two-way ANOVA statistics presented in [Table 3](#t3){ref-type="table"} show that whitefly virus-infection status exerted significant effect on the number of waveform C periods (Parameter c; [Fig. 1c](#f1){ref-type="fig"}); the plant virus-infection status exerted significant effects on six of the eight parameters examined, including time to 1^st^ probe (Parameter a; [Fig. 1a](#f1){ref-type="fig"}), number of probes (Parameter b; [Fig. 1b](#f1){ref-type="fig"}), number of C periods (Parameter c; [Fig. 1c](#f1){ref-type="fig"}), average C duration (Parameter e; [Fig. 1e](#f1){ref-type="fig"}), number of probes prior to 1^st^ E1 (Parameter g; [Fig. 1g](#f1){ref-type="fig"}), and number of probes prior to 1^st^ E2 (Parameter h; [Fig. 1h](#f1){ref-type="fig"}); and the interaction between the two variables exerted significant effects on the number of probes (Parameter b; [Fig. 1b](#f1){ref-type="fig"}) and number of C periods (Parameter c; [Fig. 1c](#f1){ref-type="fig"}). The statistical analysis indicates clearly that virus-infection of the plant exerted remarkably stronger effects on whitefly feeding behaviour than the virus infection of the whitefly *per se*.

When viruliferous whiteflies were placed on virus-infected plant, their time prior to 1^st^ probe was 3--4 times that of non-viruliferous or viruliferous whiteflies placed on uninfected plants ([Fig. 1a](#f1){ref-type="fig"}). On uninfected plants, the number of probes of viruliferous whiteflies was significantly higher than that of non-viruliferous whiteflies; in contrast, the number of probes of viruliferous whiteflies feeding on virus-infected plants was significantly reduced compared to that of non-viruliferous whiteflies feeding on uninfected plants and was reduced to less than half that of viruliferous whiteflies feeding on uninfected plants ([Fig. 1b](#f1){ref-type="fig"}). Likewise, on uninfected plants the number of C periods of viruliferous whiteflies was significantly increased compared to that of non-viruliferous whiteflies, but the number of C periods of viruliferous whiteflies was significantly reduced when feeding on virus-infected plants ([Fig. 1c](#f1){ref-type="fig"}). Viruliferous whiteflies feeding on virus-infected plants significantly increased the average duration of waveform C compared to the other two treatments ([Fig. 1e](#f1){ref-type="fig"}). The data of [Fig. 1g and 1h](#f1){ref-type="fig"} also indicate that virus infection of plants reduced the number of probes prior to 1^st^ E1 and the number of probes prior to 1^st^ E2, although mean values of the three treatments did not differ significantly, possibly due to the effects of interaction between the two variables.

### Phloem phase EPG measurements (Fig. 2)

[](#f2){ref-type="fig"}[Table 4](#t4){ref-type="table"} presents the two-way ANOVA statistics on the data of phloem phase EPG measurements of the three treatments. While the virus-infection status of the whitefly appeared to exert no significant influence, its effects on the total duration of E2 periods (Parameter n) and time from 1^st^ E1 to 1^st^ E2 (Parameter o) were approaching to significant levels (*P* = 0.074 and *P* = 0.067 respectively). The plant virus-infection status exerted significant effects on three of the eight parameters examined, including average duration of E2 (Parameter l), total duration of E2 periods (Parameter n), and total time from 1^st^ E1 to 1^st^ E2 (Parameter o). Interaction of the two variables exerted a significant effect on the time from 1^st^ E1 to 1^st^ E2 (Parameter o), and its effects on the total duration of E2 periods (Parameter n) and the relative proportion of E1 on E2 (Parameter p) were close to significant levels (*P* = 0.064 and *P* = 0.077 respectively). Similar to the pattern observed for the non-phloem phase EPG measurements above, virus-infection of the plant exerted remarkably stronger effects on the phloem phase EPG measurements of the whitefly than the virus infection of the whitefly *per se*.

The stronger effects of virus-infection of the plant than those of the virus infection of the whitefly are shown by the comparison of mean values of each of the various parameters between treatments ([Fig. 2](#f2){ref-type="fig"}). The data in [Fig. 2l](#f2){ref-type="fig"} indicate that when the whiteflies were feeding on tobacco, virus infection of the whitefly *per se* did not significantly increase the average duration of E2, but the infection of both the whitefly and the plant did. Likewise, the data in [Fig. 2n](#f2){ref-type="fig"} indicate that virus infection of the whitefly *per se* did not significantly increase the total duration of E2, but the infection of both the whitefly and the plant did. In addition, the data in [Fig. 2o](#f2){ref-type="fig"} indicate that virus infection of the whitefly *per se* did not significantly reduce the time from 1^st^ E1 to 1^st^ E2, but the infection of both the whitefly and the plant did.

Discussion
==========

In this study, two sets of experiments were conducted. In the first set of experiments, we observed the feeding behaviour of TYLCCNV-viruliferous and non-viruliferous whiteflies on cotton, a non-host of the virus. This set-up enabled us to exclude effects of the virus-infection of the plant[@b41] and thereby discern the effects of virus-infection of the whitefly *per se* on the vector feeding behaviour. However, because the plant is a non-host of the virus, the elements of feeding behavior of the whiteflies observed on this plant may deviate from those on a host plant of the virus.

In the second set of experiments, we observed the feeding behaviour of TYLCCNV-viruliferous whiteflies on TYLCCNV-infected and uninfected tobacco, a host of TYLCCNV, plus a treatment of non-viruliferous whiteflies feeding on uninfected tobacco. We did not include a treatment of non-viruliferous whiteflies feeding on TYLCCNV-infected tobacco, because we knew that the non-viruliferous whiteflies would soon and mostly become TYLCCNV-infected during the course of the 8 h observation, as indicated by the virus-acquisition data with the same species by Jiu et al.[@b19], and the treatment therefore would not be valid to serve the purpose as intended. Other studies with *Tomato yellow leaf curl virus* (TYLCV) have shown that, once taken up by the whitefly via sap ingestion, the virions can complete their travel loop along the circulative transmission pathway in the vector and reach the salivary glands in a few hours, and the whitefly becomes infective in as short a period as 8 h[@b42][@b43]. We also expected some complication from the treatment of TYLCCNV-infected whiteflies on uninfected plants, because the uninfected plants might become infected with TYLCCNV during the course of the 8 h observation. To help design the treatments, we conducted a preliminary virus transmission trial with one viruliferous adult per plant and an inoculation access period of 8 h, only 6.6% of the plants eventually became infected (n = 15). Studies on begomovirus-plant interactions have shown that, after the virions are secreted into the phloem tissue by the vector, they have to synthesize a sufficient amount of movement-associated proteins in the primary infected cells before they start the systemic, long-distance spread, within the plant; and the time taken from first virus-inoculation to systemic spread and multiplication usually would take several days, the duration of which depends on a number of variables, e.g. the species/strains of the whitefly, virus and plant involved, the virus load of inoculation (i.e., vector density, and virus quantity with each vector insect), and the plant growth stage[@b44]. With the same species of whitefly, begomovirus and plant as those used in this study, Jiu et al. (2006) showed that with one viruliferous adult per plant, 30% of the plants still remained uninfected following an inoculation access period of 48 h. Thus, the plants in this treatment would be largely uninfected by the virus during the 8 h period of observation, especially in regards to their effects on the feeding behaviour of the test vectors. Therefore, comparison between the three treatments in the second set of experiments ([Figs. 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"}) would provide valid evidence to disentangle the direct and indirect effects of TYLCCNV on the feeding behaviour of MEAM1, and an integrated comprehension of the data from the two sets of experiments would help further to discern the direct from the indirect effects of the virus on the feeding behaviour of the vector despite the complication that may arise from the use of a non-host of the virus in the first set of experiments.

While the feeding of MEAM1, either TYLCCNV-viruliferous or non-viruliferous, and on either virus-infected or uninfected plants, involves complex behaviour and process as shown by the EPG recordings, the analyses of the treatments in each of the two sets of experiments show clearly that virus-infection of the whiteflies *per se* mostly exerts adverse effects on their feeding, and in contrast, virus-infection of the host plants mostly offers benefits to their feeding and the indirect beneficial effects from the virus-infected plants largely surpass the direct adverse effects ([Tables 1](#t1){ref-type="table"} and [2](#t2){ref-type="table"}; [Figs. 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"}). For example, in the first set of experiments, the number of waveform C periods in the viruliferous whiteflies was twice that of non-viruliferous whiteflies ([Table 1](#t1){ref-type="table"}), indicating that the whiteflies, once infected by TYLCCNV, experienced more difficulties in intercellular stylet pathway in order to reach the phloem. This type of obstacles in intercellular stylet pathway was also experienced by the viruliferous whiteflies feeding on uninfected tobacco in the second set of experiments; however, this obstacle was no longer experienced by viruliferous whiteflies once they fed on virus-infected tobacco, and in fact these viruliferous whiteflies reached the phloem tissue significantly sooner than the viruliferous adults feeding on uninfected plants, as indicated by their significantly lower number of waveform C periods ([Fig. 1c](#f1){ref-type="fig"}). Similarly but not identically, in the first set of experiments, viruliferous whiteflies exhibited a significantly shorter average E2 duration than that of non-viruliferous whiteflies ([Table 2](#t2){ref-type="table"}, Parameter 7), indicating that the whiteflies, once infected by TYLCCNV, became less efficient in sustained sap ingestion. And in the second set of experiments, the average E2 duration was not significantly affected by the virus-infection of the whiteflies *per se* but became significantly enhanced once the viruliferous whiteflies fed on virus-infected plants ([Fig. 2l](#f2){ref-type="fig"}).

The reminiscent pathogenic effects of TYLCCN on the feeding behaviour of MEAM1 observed here agree with those recorded from an earlier population study where TYLCCNV-infection of the MEAM1 whitefly *per se* reduced the vector\'s longevity and fecundity[@b9]; as well as a nutritional assimilation-related study where the virus-infection of the whitefly *per se* rendered the vector to assimilate a more imbalanced nutrition[@b37]. Moreover, transcriptome analysis of TYLCCNV-viruliferous and non-viruliferous MEAM1 revealed that genes involved in the immune response, including all of the autophagy genes and most genes associated with lysosome function, in the whitefly are activated in viruliferous individuals, indicating that the whiteflies are mounting a defence against begomovirus invasion[@b31].

The indirect, higher beneficial effects of TYLCCNV on the feeding behaviour of MEAM1 revealed from this study also agree with those reported from earlier population, physiological and behavioural studies, in which whiteflies that fed on virus-infected plants had higher survival and fecundity as well as higher rate of population increase, compared to non-viruliferous whiteflies feeding on uninfected plants[@b9][@b37][@b45][@b46], and whiteflies were more attracted to virus-infected than uninfected plants[@b47]; as well as a nutritional assimilation-related study where whiteflies that fed on TYLCCNV-infected plants assimilated a more balanced nutrition[@b37]. These indirect benefits from the plants were shown to be related to repression of plant defence by the virus[@b35][@b36]. Indeed, MEAM1 whiteflies feeding on TYLCCNV-infected tobacco exhibited a reduced detoxification activity as indicated by the transcriptional profiles of the whiteflies feeding on TYLCCNV-infected and uninfected plants[@b38].

Direct and indirect modifications of vector feeding behaviour are now known as a conserved trait among plant- as well as animal-infecting viruses, that evolved as a mechanism to facilitate virus transmission[@b4][@b7][@b27][@b48][@b49]. Only a few studies have been conducted in this area for the interactions between begomoviruses and whiteflies in the *B. tabaci* species complex[@b23]. Liu et al. (2013) observed the feeding behaviour of MEAM1 as affected by the infection of TYLCV, and found that adults on virus-infected plants exhibited more active probing behaviour and had a higher number of feeding bouts than those on uninfected plants, and viruliferous adults fed more readily and spent more time salivating into sieve tube elements than non-viruliferous adults. Our current observations and records on MEAM1 feeding behaviour as affected by TYLCCNV essentially agree with those reported by Liu et al. (2013), and thus the two studies suggest that the two begomoviruses may exert similar influences on the feeding activities of MEAM1 in many situations. Several other studies have been conducted to observe the feeding behaviour of MED using various techniques including EPG and video recording[@b27][@b28][@b29][@b34]. These studies demonstrate direct as well as indirect modifications of MED feeding behaviour by TYLCV, and generally they agree with each other to show that behavioural modifications, such as more sustained salivation and sap ingestion, confer benefits to virus transmission. Apparent disagreements, however, did occur between studies. For example, Moreno-Delafuente et al. (2013) reported that TYLCV-infection of MED induced arresting behaviour, as viruliferous adults remained motionless longer and moved more slowly than non-viruliferous adults[@b27]. In contrast, Hemayet Jahan et al. (2014) reported that TYLCV-infection of MED caused the adults to be more restless[@b28]. This kind of disagreements is not unexpected, because the interactions between a virus and its vectors may vary with the vector and plant species, even with different strains of the same species[@b23][@b33][@b50]. In addition, the differences in techniques used between studies may result in apparent variation of behaviour[@b27][@b28][@b29]. Although some general patterns may exist, it is now also realized that the tripartite interactions in a given combination of species is dynamic and may vary with a number of internal and external factors such as disease progressing, the age of the vector, and the growth stage of the plant[@b5]. In addition, there may well be hidden players, such as endosymbionts of the organisms, whose roles in the tripartite interactions are barely understood so far[@b51][@b52].

In conclusion, our current study, which employs EPG recordings to observe the whitefly feeding behaviour in detail, reveals differential profiles of direct and indirect modification of vector feeding behaviour by a begomovirus. While the direct modification exerts adverse effects on the vector, the indirect modification via the infection of host plant offers beneficial effects to the vector, and the indirect beneficial effects surpass the direct adverse effects and eventually improve vector fitness. Our results render better understanding of the pathogenic characters of a begomovirus on whiteflies and the indirect mutualism between the vector and virus via host plant. In addition, the new knowledge has the potential to help improve whitefly and begomovirus management.

Methods
=======

Plants, virus and whitefly
--------------------------

Tobacco *Nicotiana tabacum* L. cv. NC89, a host plant of TYLCCNV, and cotton (*Gossypium hirsutum* cv. Zhe-Mian 1793), a non-host of TYLCCNV, were used. Clones of TYLCCNV with its satellite DNA molecules, also known as DNAβ, were used as inocula for tobacco plants[@b53]. To obtain TYLCCNV-infected tobacco plants, plants at 3--4 true-leaf stage were inoculated with TYLCCNV and its associated DNAβ through agroinoculation as previously described[@b53]. Plants were then left to grow for 15 days, and infection status was determined by signs of leaf curling and subsequently confirmed by PCR[@b53]. All plants were maintained in separate insect-proof cages under natural lighting at 26 ± 1°C and 65 ± 10% relative humidity.

The culture of Middle East-Asia Minor 1 (MEAM1) species (mtCOI GenBank accession no. GQ332577.1) of whitefly was maintained on cotton as previously described[@b9]. Viruliferous and non-viruliferous whiteflies were obtained by rearing the whitefly for two generations on virus-infected and uninfected tobacco plants respectively. In all treatments, we used only female adults, which were 3--5 days post-emergence and mated, in the EPG observation and recording, as previous studies have shown that females and males may differ in behaviour and efficiency of virus transmission[@b43]. Virus-infection was examined using the primers and PCR procedures as described by Cui et al. (2004).

Electrical penetration graph recording of whitefly feeding activities
---------------------------------------------------------------------

An 8-channel DC-EPG device (EPG systems, Wageningen University, The Netherlands) was used to monitor the probing and feeding activities of viruliferous and non-viruliferous whitefly adults on plants. Before wiring the whitefly, plants were prepared and placed in an electrically grounded Faraday cage. The second or third youngest leaf of a plant was fixed on a stick vertically inserted into the pot and supported by a cardboard which is attached to the stick. To facilitate wiring, whitefly adults were maintained for 30 seconds in a finger-tube on an ice-bath. After the adults were immobilized, they were transferred to the cover of a glass dish filled with a layer of minced ice. Then, a gold wire (2 cm in length, 12.5 μm in diameter) was attached to the pronotum of each adult with a small drop of water-based silver glue under the microscope. The opposite end of the gold wire was attached to a thin copper wire with silver glue. The wired adult was subsequently connected to the Giga-8 probe input and placed on the abaxial side of a plant leaf. The adults were left to adapt to the wiring for around 2 h before the start of EPGs recording. EPGs were continuously recorded for 8 h with a fresh adults and a new plant for each replicate of a treatment. Data acquisition was recorded by Stylet+ for Windows software (EPG Systems, Wageningen University, The Netherlands) and data were analyzed with this software after data conversion.

Direct effects of virus infection on whitefly feeding
-----------------------------------------------------

To reveal the direct effects of TYLCCNV on whitefly feeding, we observed and compared the EPGs of (1) viruliferous whitefly adults feeding on cotton plants, and (2) non-viruliferous whitefly adults feeding on cotton plants.

Direct and Indirect effects of virus on whitefly feeding via host plant
-----------------------------------------------------------------------

We observed the EPGs of (1) non-viruliferous adults feeding on uninfected tobacco, (2) viruliferous adults feeding on uninfected tobacco, and (3) viruliferous adults feeding on virus-infected tobacco. Comparison of the EPGs between the three treatments helps to reveal the indirect effects of virus on whitefly feeding via virus-infected host plants. We did not record EPGs of non-viruliferous adults on virus-infected tobacco, since whiteflies can acquire virus from plant in as short a period as a few minutes[@b25].

Data analysis
-------------

Waveform patterns were categorized as previously described[@b27][@b40]. Seven distinct waveforms were identified in this study: NP; C; pd (potential drops); E1; E2; F and G (See Results section for explanation of terms).

The duration of each waveform was recorded and exported using software PROBE 3.4 (Wageningen University, The Netherlands). In total, 12 non-phloem phase parameters and 10 phloem phase parameters were calculated and compared between treatments. Parameters were calculated for each of the replicates in a treatment and then averaged to derive treatment-level means and standard errors. Prior to analysis, normality and homogeneity of variance were checked. Data were log10 transformed when it did not fit a normal distribution. All statistical analyses were done with IBM SPSS Statistics 20.0 (IBM Corp., Armonk, NY) and significant differences were tested at the 0.05 level.

For the two treatments with cotton plants designed to reveal the direct effects of virus infection on whitefly feeding, a Student\'s t-test was performed to analyze the data that followed a normal distribution, and the non-parametric Mann-Whitney U-test was used for comparison when normality was not achieved by log10 transformation.

For the three treatments with tobacco plants designed to reveal the direct as well as the indirect effects of virus on whitefly feeding, a two-way analysis of variance was performed to discern the effects of whitefly infection status (viruliferous versus non-viruliferous whitefly), plant infection status (virus-infected versus uninfected), and their interactions on whitefly feeding behaviour, including non-phloem phase and phloem phase parameters.
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###### Non-phloem EPG parameters of non-viruliferous and viruliferous whiteflies probing cotton plants; time is presented in minutes

  Parameters                                                              Non-viruliferous (n = 25)           Viruliferous (n = 29)   *P*[a](#t1-fn1){ref-type="fn"}
  --------------------------------------------------------------- ------------------------------------------ ----------------------- --------------------------------
  1\. Time prior to 1^st^ probe                                    34.64 ± 13.32[b](#t1-fn2){ref-type="fn"}       25.21 ± 6.32                    0.476
  2\. Number of probes                                                           30.95 ± 5.69                     68.03 ± 12.29                 **0.005**
  3\. Total probing time                                                        107.40 ± 10.95                    99.53 ± 8.81                    0.507
  4\. Number of C periods                                                        32.94 ± 5.83                     69.06 ± 6.17                  **0.012**
  5\. Total duration of C                                                        72.49 ± 9.48                     52.46 ± 4.84                    0.132
  6\. Average C duration, with pd but without E1, F and G                        2.64 ± 0.41                       0.98 ± 0.08                 **\<0.001**
  7\. Number of probes prior to 1^st^ E1 (1^st^ phloem contact)                  22.36 ± 8.94                     25.38 ± 8.33                    0.507
  8\. Number of probes prior to 1^st^ E2                                         23.45 ± 8.92                     26.38 ± 8.34                    0.590
  9\. Time prior to 1^st^ E1 (total time from start to phloem)                  249.50 ± 41.66                    310.8 ± 28.84                   0.386
  10\. Time from first probe to 1^st^ E1                                        98.84 ± 27.98                     231.5 ± 37.29                 **0.018**
  11\. Total duration of G                                                       23.36 ± 8.86                     38.91 ± 8.42                    0.257
  12\. Total duration of F                                                      27.90 ± 10.75                     45.06 ± 7.90                    0.139

^a^*P* values calculated using Mann-Whitney U-test; *P* values in boldface are significant at α = 0.05.

^b^Data are expressed as means ± SEM.

###### Phloem EPG parameters of non-viruliferous and viruliferous whiteflies probing cotton plants; time is presented in minutes

  Parameters                                                Non-viruliferous              Viruliferous    *P*[a](#t2-fn1){ref-type="fn"}
  --------------------------------------------- ---------------------------------------- --------------- --------------------------------
  1\. Number of E1 periods                       1.64 ± 0.31[b](#t2-fn2){ref-type="fn"}    3.25 ± 0.96                0.178
  2\. Average E1 duration                                     2.49 ± 1.08                  1.95 ± 0.51                0.528
  3\. Total duration of E1                                    4.09 ± 1.92                  7.74 ± 2.55                0.145
  4\. Time from 1^st^ E1 to 1^st^ E2                          1.71 ± 0.46                  3.92 ± 0.64              **0.026**
  5\. Time from1^st^ E1 to 1^st^ sustained E2                 4.40 ± 1.47                  6.39 ± 2.02                0.230
  6\. Number of E2 periods                                    1.18 ± 0.12                  2.75 ± 0.80                0.098
  7\. Average E2 duration                                    88.31 ± 15.70                27.60 ± 8.54              **0.005**
  8\. Total duration of E2 periods                           100.30 ± 14.59               75.88 ± 17.63               0.529
  9\. Number of E phases                                      2.82 ± 0.35                  6.00 ± 1.74                0.193
  10\. Total duration of E phases                            88.24 ± 16.15                74.08 ± 15.75               0.650

^a^*P* values calculated using Mann-Whitney U-test; *P* values in boldface are significant at α = 0.05.

^b^Data are expressed as means ± SEM.

###### Statistical analysis of non-phloem EPG parameters of non-viruliferous and viruliferous whiteflies probing virus-infected and uninfected tobacco plants

  Parameters[a](#t3-fn1){ref-type="fn"}     *P* value[a](#t3-fn1){ref-type="fn"}                
  ---------------------------------------- -------------------------------------- ------------- -----------
  a\. Time prior to 1^st^ probe                            0.746                   **\<0.001**     0.573
  b\. Number of probes                                     0.100                   **\<0.001**   **0.044**
  c\. Number of C periods                                **0.002**                 **\<0.001**   **0.007**
  d\. Total probing time                                   0.419                      0.305        0.484
  e\. Average C duration                                   0.604                    **0.031**      0.750
  f\. Total time from start to 1^st^ E1                    0.096                      0.761        0.084
  g\. Number of probes prior to 1^st^ E1                   0.601                    **0.010**      0.732
  h\. Number of probes prior to 1^st^ E2                   0.433                    **0.004**      0.437

^a^Parameter codes correspond to panel labels in [Figure 1](#f1){ref-type="fig"}; *P* values were calculated using two-way ANOVA with main effects of whitefly (viruliferous versus non-viruliferous), tobacco (virus-infected and uninfected), and their interaction. *P* values in boldface are significant at α = 0.05.

###### Statistical analysis of phloem EPG parameters of non-viruliferous and viruliferous whiteflies probing virus-infected and uninfected tobacco plants

  Parameter[a](#t4-fn1){ref-type="fn"}    *P* value[a](#t4-fn1){ref-type="fn"}              
  -------------------------------------- -------------------------------------- ----------- -----------
  i\. Number of E1 periods                               0.702                     0.358       0.593
  j\. Number of E2 periods                               0.468                     0.339       0.354
  k\. Average E1 duration                                0.427                     0.993       0.355
  l\. Average E2 duration                                0.446                   **0.004**     0.465
  m\. Total duration of E1                               0.753                     0.776       0.693
  n\. Total duration of E2 periods                       0.074                   **0.010**     0.064
  o\. Time from 1^st^ E1 to 1^st^ E2                     0.067                   **0.009**   **0.040**
  p\. Relative proportion of E1 on E2                    0.157                     0.394       0.077

^a^Parameter codes correspond to panel labels in [Figure 2](#f2){ref-type="fig"}; *P* values were calculated using two-way ANOVA with main effects of whitefly (non-viruliferous versus viruliferous), tobacco (virus-infected and uninfected), and their interaction. *P* values in boldface are significant at α = 0.05.

[^1]: These authors contributed equally to this work.
